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Cytoplasmic pH regulation mediated by the H+-ATPase was examined with the aid of computer simulation. The data obtained with our
simulation model were consistent with the experimental data and the simulation clarified the following points that may be difficult to be
clarified with experimental studies. (1) The change in the enzyme amount controlled by cytoplasmic pH was essential for the pH regulation.
(2) No significant change in internal pH was observed in acidic surroundings even if the proton transport activity of the H+-ATPase changed
greater than sixfold. (3) The cytoplasmic pH homeostasis can be maintained even when the biosynthetic rate of the enzyme decreased by
50%. These results suggested that this regulatory system has an ability to maintain the pHin homeostasis even under harsh conditions that
decrease cellular metabolic activities.
D 2003 Elsevier B.V. All rights reserved.Keywords: pH regulation; Computer simulation; H+-ATPase1. Introduction
It is now well known that internal pH is strictly regulated
in all living organisms. Since bacterial habitat encompasses
all surface areas of the globe including extreme acidic and
alkaline conditions, it can be argued that bacteria have a
strong system to maintain internal pH homeostasis. It was
proposed in 1976 that cytoplasmic pH of Escherichia coli is
maintained near pH 7.6 and the respiratory chain has an
essential role for the pH homeostasis [1]. Following that
study, it was shown that enterococci, bacteria without the
respiratory chain, used the F-type of the H+ translocating
ATPases (H+-ATPases) for pH regulation [2].
In enterococci, when the cytoplasm was acidified, the
level of the F-type H+-ATPase elevated and simultaneously
its activity increased. Based on these experimental results, it
was argued that when the cytoplasmic pH lowered from an
optimum value for growth, protons were expelled by the
elevated amount of the activated enzyme, resulting in the
cytoplasmic alkalization [3,4]. When the pH returned to the
original value, the proton extrusion was terminated by the
decrease in the enzyme amount and its activity. However, it0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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and activity are essential for the pH regulation, since there
may be no experimental condition under which the enzyme
activity is constant at any pH value or the enzyme level is
maintained at a given one.
A computer simulation would be a useful way to clarify
these problems. Suzuki and Kobayashi [5] found with the
aid of computer simulation that the change in the enzyme
amount was essential for pH regulation. However, the
previous simulation was incomplete as follows. (1) Internal
pH values obtained by computer simulation were quite
different from the values measured experimentally when
medium pHs were below 6. (2) Internal pHs measured with
cells treated with an inhibitor of protein synthesis to avoid
the increase in the enzyme amount were not identical to the
simulated values. The first problem is more critical because
the internal pH regulation is indispensable for bacterial life
in acidic conditions. In the present study, the mechanism of
the pH regulation by the F-type H+-ATPase in enterococci
was examined using a new model.2. Methods
Models and equations used in the present simulations are
shown in Fig. 1. The program was written using C++ of
Fig. 1. Models and equations used for the present simulations. pHin(t), cytoplasmic pH at time t; pHout(t), external pH at time t; [H+]in(t), cytoplasmic proton
concentration (AM) at time t; [H+]out(t), external proton concentration (AM) at time t; B, buffering capacity of the cytoplasm (Amol H+pH unit1mg cellular
protein 1) and was set at 0.3 as described previously [5]; Fm, the ATPase activity (Amol H+s 1mg ATPase 1) at Fa[pHin(t)] of 1; Fa[pHin(t)], relative
activity of the ATPase as a function of pHin at time t and its maximum activity is set at 1; k1, rate constant for H
+ efflux coupled with ATP hydrolysis (AM 1);
k2, rate constant for H
+ influx coupled with ATP synthesis (AM 1). E(t), H+-ATPase level (mg ATPasemg cellular protein 1) at time t. Dimensions of k3,
Es(pHin), Ed, and Ec(pHin) were Amol H+pH unit 1mg cellular protein 1s 1, mg ATPasemg cellular protein 1s 1, s 1, and s 1, respectively.
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was increased mainly by the stimulation of the enzyme
assembly with the decrease in cytoplasmic pH [pHin] as
reported previously [6]. The amount was also regulated by
biosynthesis, degradation, and decrease with the biomass
increase. The exact rate of the enzyme assembly was
difficult to obtain experimentally. In the present simulations,
the ratios of the subunits assembled to the amounts synthe-
sized at various pHin values [Ea(pHin)] were postulated as
shown in Fig. 2A. The biosynthetic rate of subunits of the
enzyme at a given pHin [Es(pHin)] was postulated to be
proportional to the growth rate at the pHin [G(pHin)]
obtained in the previous experimental study [7] (Fig. 2B).
The rate of the enzyme degradation [Ed] was set at
3 10 5, because the rate was approximately 10% per
hour at all pHin values tested [6]. G(pHin), shown in Fig.
2B, was used for calculation of the rate of the enzyme
decrease by the increase in bacterial biomass at pHin
[Ec(pHin)], and the maximum rate was set at 3.85 10 4
because the maximum growth rate was approximately 30min per generation [4]. To elucidate Es, Ea, Ed, and Ec, the
steady-state levels of the enzyme were calculated at various
pHin values. The results were well consistent with the data
obtained experimentally (Fig. 2A).
The pHin was postulated to decrease by the proton influx
driven by the pH gradient between inside and outside of
cells, and its rate [k3] was set at 2 10 3 based on the
previous findings [5,7–9]. When no proton was extruded,
the internal pH was 0.4 pH unit lower than the outside pH
because of the Donnan potential [7,10], and D was set at
0.4 pH unit. Newton’s interpolation was used for calculation
of pHin-dependent functions.3. Results and discussion
Under the above conditions, pHin decreased rapidly after
the external pH shift from 7.5 to various values, and then
pHin increased slowly. In all cases, the pHin reached the
steady-state level after 100 min. The pHin values at 120 min
Fig. 2. (A) Ea(pHin) and the enzyme level. The solid line represents Ea(pHin) used for the simulations. Stars and circles represent the enzyme levels measured
experimentally (drawn from measurements given in Ref. [4]) and the simulated levels, respectively. (B) Es(pHin) and G(pHin). G(pHin) was obtained using
growth rates of cells growing in the presence of gramicidin D measured previously [7]. (C) Fa(pHin) used for the present simulations. Stars represent relative
activities of the H+-ATPase as a function of pHin measured experimentally [10]. The solid line was obtained based on these findings. The broken line was set in
order to simulate pHin values that were consistent with the experimental data under conditions where the enzyme amount was constant.
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the first simulation, the proton transport by the H+-ATPase
was postulated to be irreversible (Fig. 1, model 1), as in the
previous simulation [5]. The simulated values of pHin were
quite different from the experimental data at external pHs
below 6 (Fig. 3A), as reported in the previous simulation
[5]. If the H+-ATPase activity decreased markedly at an
external pH of 5, pHin, being close to the experimental
value, was simulated (Fig. 3A, square). However, the pHinwas changed by a small change in the enzyme activity (Fig.
3A, arrowheads).
Next, it was postulated that the enzyme reaction was
reversible (model 2 of Fig. 1). k1 and k2 were set at 10 and
0.25, respectively. The simulated pHin values were in good
agreement with the experimental data when Fm was set at
3.0 (Fig. 3B). The simulated values were close to the
experimental values at external pHs below 6 even if Fm
was set at 1.0 or 6.0 (Fig. 3C). Similar simulation results
Fig. 3. pHin simulated under various conditions. Simulations were carried out based on models 1 (A) and 2 (B–H) shown in Fig. 1. The solid and broken lines
of Fig. 2C were used as Fa(pHin) for simulations of A to E and G to H, respectively. Dt was set at 0.2 s for all simulations. The pHin values simulated at 120
min after the pHout shift to the indicated values were plotted in all figures. Closed and open stars represent the values of pHin measured experimentally with
cells growing normally at various external pHs and cells incubated in the medium of various pHs containing an inhibitor of protein synthesis to avoid the
increase in the enzyme amount after cells were grown at pH 7.5, respectively. These values were drawn from measurements given in Ref. [3]. (A) Simulation
based on model 1. Fm was set at 3.0 (circles), 0.03 (upper arrowhead), 0.05 (square) and 0.1 (lower arrowhead). k1 was set at 10. (B) Simulation based on
model 2. Circles represent pHin values simulated when k1, k2 and Fm were set at 10, 0.25 and 3.0, respectively. (C) Effect of Fm on pHin. The pHin values
were obtained as described in the legend of B except that Fm was set at 6.0 (circles), 1.0 (squares) and 0.3 (triangles). (D) pHin at the constant enzyme activity.
Fm was set at 3.0 (circles) and 1.0 (triangles). Fa(pHin) was set at 1 at all pHin values. Other conditions were as given in B. (E) pHin at a low rate of the
enzyme synthesis. A half value of Es was used instead of Es. Other conditions were as given in B. (F) pHin at the constant enzyme level. E(t) was set at 0.003 at
all pHin values. Fm was set at 3.0 (circles) and 1.0 (triangles). Other conditions were as given in B. (G) Simulation using the broken line of Fig. 2C as
Fa(pHin). Closed circles, the pHin values simulated with the change in the amount of the enzyme; open circles, E(t) was set at the constant value of 0.002 at all
pHin values. Other conditions were as given in B. (H) Effect of acid production on pHin. Simulations were carried out as described in the legend of G except
that F was calculated from F= k3 (pHout(t) pHin(t) +D) + 0.001.
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constant value of 3.0 or 1.0 at all pHin values (Fig. 3D).
The simulated pHin values were again close to the
experimental data even when the synthetic rate of the
enzyme decreased by 50% (Fig. 3E). This may be related
with the fact that the enzyme level is regulated mainly at the
step of the enzyme assembly [6]. The pHin values simulated
on the assumption that the enzyme amount was always
constant were different from the values obtained experimen-
tally and lowered with the decrease in the enzyme activity
(Fig. 3F). These results suggested that the pHin homeostasis
was maintained mainly by the change in the enzyme
amount.
The pHin values simulated under conditions where the
enzyme amount was constant were also different from the
experimental values obtained with cells in which the in-
crease in the enzyme amount was inhibited (Fig. 3F). When
the broken line of Fig. 2C was used as Fa(pHin), the pHin
values simulated with the constant enzyme amount were
consistent with the experimental values obtained with such
cells (Fig. 3G). The broken line of Fig. 2C might be close to
the pH profile of the enzyme activity in vivo. When the
enzyme amount was changed, the pHin values simulated
were consistent with the experimental data even if the
broken line of Fig. 2C was used (Fig. 3G), suggesting again
that the pHin-dependent activity of the H+-ATPase is not the
primary factor for the pHin regulation.
Glycolyzing bacteria such as enterococci produce a lot of
lactate that decreases pHin. The final simulation was carried
out on the assumption that 0.001 Amols 1mg cellular
protein 1 of acids was accumulated and the result showed
that the internal pH homeostasis was again maintained
under these conditions (Fig. 3H). The maximum rate of
lactate production was approximately 0.01 Amols 1mg
cellular protein 1 (unpublished data), but it was shown that
a large part of lactate was extruded from cells rapidly [11].
The setting of k1 and k2 at 10 and 0.25, respectively, gave
good simulation results (Fig. 3B). The maximum pH gra-
dient generated under this setting was 1.6 ( 9.5 kJ). The
magnitudes of the membrane potential of cells grown in
media of pHs 5 and 7 were  70 mV ( 6.8 kJ) and  100
mV ( 9.7 kJ), respectively (unpublished data). It was
reported that this bacterium generated  100 mV of the
membrane potential in medium containing greater than 2
mM K+ at near neutral pH [12]. When 5 mM ATP, 0.5 mM
ADP and 50 mM phosphate are present, Gibb’s free energy
of ATP hydrolysis is calculated to be  48 kJmol 1. It can
be argued that the H+-ATPase transports 3 to 4 mol H+ with
the hydrolysis of 1 mol ATP [13,14]. Therefore, the present
setting of k1 and k2 may be reasonable.
The present simulation based on model 2 of Fig. 1
revealed that the pHin regulation in acidic media of pH
below 6 is less affected by the decrease in the proton
extrusion activity of the H+-ATPase and its biosynthetic
activity when the enzyme level varied with the change in
pHin. Both activities were strictly dependent on the ATPlevel that might decrease in surroundings that contain a
limited amount of nutrients. The activities are also affected
by internal cation concentrations that are again dependent
on environmental conditions. The pHin values decreased
with the decrease in Fm and Es at the pHout range from 6 to
8 (Fig. 3C and D), but the pHin change within this range of
pHout may reduce the growth rate by less than 10%, judging
from the findings shown in Fig. 2B.
Influx of potassium ions converted the membrane poten-
tial generated by proton efflux via the H+-ATPase to a pH
gradient and this conversion was essential for pHin regula-
tion [2,12]. It was found that the pH gradient at the steady
state was not increased significantly by the addition of
valinomycin to medium of pH 6 [2], probably due to the
fact that the activity of the potassium ion transport system is
higher than that of the H+-ATPase at the steady state. The
same result was obtained at the medium pH range from 6 to
9 (unpublished observation). Since the pHin values at the
steady state were simulated in the present study, the con-
version was not considered in the present simulation models.
It has been proposed that the Na+/H+-antiporter partici-
pates in pHin regulation in E. coli [15]. No data to suggest
such participation has been reported in E. hirae. Further-
more, pHin was regulated normally in an E. hirae mutant
deficient in all sodium ion extrusion systems [2]. It was
reported that the K+/H+-antiporter worked for pHin regula-
tion at pH above 8 [16]. There have been contrary data to
suggest that pHin is regulated without any extrusion system
for potassium ions [7,17]. Although it is still unclear how
the antiporter contributes to the pHin regulation, the contri-
bution may be very small at the pHout range used in the
present simulation.
In conclusion, the present results suggested that the
regulatory system for cytoplasmic pH mediated by the
change in the H+-ATPase level has an ability to maintain
pHin at a value supporting a high growth rate even if
cellular metabolic activities decrease under harsh condi-
tions. Since the method used in the present simulation is
not restricted to the pHin regulation of enterococci, the
change in the level of a regulator may be important in other
regulatory systems. The present study again showed that the
computer simulation is useful for dissecting problems whose
answers are difficult to obtain experimentally and the
present simulation method may be available without help
of an expert on computer programming. The combination of
experimental studies and computer simulations would pro-
mote understanding of biological regulatory systems.References
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